Inhibition of gastric acid secretion by thiocyanate is explained by a protonophoric mechanism assuming that thiocyanate induces a H 1 back flux from the acidic gastric lumen into the parietal cells of gastric mucosa. Protonophoric activity of thiocyanate was examined by swelling measurements using rat liver mitochondria and theoretically by quantum chemical methods. Mitochondria suspended in K-thiocyanate medium plus nigericin (an H/K-exchanger) swelled when the medium pH was acidic, indicating that SCN ÿ initiates a transfer of H 1 across the inner membrane. To rationalize the protonophoric activity of thiocyanate, we considered the dehydration of SCN ÿ to be critical for transmembranal H 1 transfer. For modeling this process, various hydrate clusters of SCN ÿ and Cl ÿ were generated and optimized by density functional theory (DFT) at the B3-LYP/ 6-31111G(d,p) level. The cluster hydration energy was lower for SCN ÿ than for Cl ÿ . The total Gibbs free energies of hydration of the ions were estimated by a hybrid supermolecule-continuum approach based on DFT. The calculated hydration energies also led to the conclusion that SCN ÿ is less efficiently solvated than Cl ÿ . Due to the easier removal of the hydration shell of SCN ÿ relative to Cl ÿ , SCN ÿ is favored in going across the membrane, giving rise to the protonophoric activity.
INTRODUCTION
The parietal cells of the gastric mucosa secrete a solution of hydrogen chloride in the glandular lumen after stimulation by histamine, acetylcholine, and gastrin (1) . This process consists of several steps: i), generation of H 1 and HCO ÿ 3 from water and carbon dioxide by the carbonic anhydrase inside of parietal cells, ii), H 1 ejection from cytosol to gastric lumen by an ATP-driven K 1 /H 1 -antiporter embedded in the apical membrane, iii), release of Cl ÿ ions from cytosol to glandular lumen by a Cl ÿ anion channel also embedded in the apical membrane, and iv), import of plasma Cl ÿ anions by counterexchange across the basolateral membrane for HCO ÿ 3 delivered by the carbonic anhydrase reaction. Thiocyanate is also long known as a potent inhibitor of gastric acid secretion (2) . For explanation, it has been proposed that thiocyanate induces a backflux of H 1 from the acidic lumen into parietal cells of gastric mucosa, thereby decreasing the net secretion of hydrogen chloride (3) (4) (5) (6) . A simple protonophoric mechanism of thiocyanate-mediated transmembranal H 1 back flux is shown in Fig. 1 . At the interface between the mucosal membrane and acidic gastric lumen, unprotonated thiocyanate traps H 1 . Protonated thiocyanate permeates the membrane and releases an H 1 into the cytosol of parietal cells at the opposite membrane. Finally, the thiocyanate anion returns more or less dehydrated by permeating a Cl ÿ channel to the membrane-lumen interface where it again traps H 1 . Proposed protonophoric activity of thiocyanate does not contrast with acidic power of thiocyanic acid (pK a ¼ ÿ1.28 (7) ). At a luminal pH , 4, the concentration of protonated thiocyanate within the aqueous glandular lumen was estimated to be sufficient for H 1 backflux to proceed at a rate equal to the rate of HCl secretion (8) .
In general, SCN ÿ is transported by Cl ÿ channels across biological membranes. Even though SCN ÿ and Cl ÿ have similar physicochemical properties, in most Cl ÿ channels, SCN ÿ shows a higher permeability than Cl ÿ itself (9) . In addition, it has been demonstrated that thiocyanate permeates black lipid ''membranes'' as anion and much faster in the protonated form. The latter suggests that protonated thiocyanate permeates biological membranes by passing proteinfree hydrophobic regions (3) .
Permeation of monovalent anions through bilayer membranes has been attributed to a ''solubility-diffusion'' mechanism (10, 11) . According to this view, an anion enters the hydrophobic phase after splitting from its hydrate shell and, afterwards, permeates across the bilayer membrane. A permeation of chloride and thiocyanate as bare ions suggests that the dehydration of hydrated anions is the critical step for the overall transmembranal H 1 backflux. To date, less is known about the hydration of thiocyanate.
In the absence of experimental data, hydration energies were estimated theoretically. Although Monte Carlo (MC) and molecular dynamics (MD) simulations are able, in principle, to predict relative hydration energies (12, 13) , comparable data about SCN ÿ and Cl ÿ are missing.
Former MC and MD calculations, however, provided useful information about microhydrated structures of ions in aqueous solution. Thus, MD calculation of the water-SCN ÿ system indicated a pronounced first and partially ordered second hydration shell (14) . According to neutron diffraction measurements (15) , there are 1.8 6 0.2 water molecules coordinated to SCN ÿ with an intermolecular N . . . H distance of ;2.16 Å . Hydrogen bonds are obviously formed between water and the solute molecule. The neutron diffraction study of Mason et al. (16) resulted in ;1 hydrogen bonded water molecule and ;2 water molecules weakly interacting through ''hydration bonds''. The formation of the hydrates Cl ÿ (H 2 O) N was studied by MD (17, 18) , MC (19) , and quantum chemistry/molecular mechanics (QM/MM) (20) . The theoretical studies resulted in super molecular structures with coordination numbers N between 5 and 6. The hydration number of 6 was derived experimentally by an infrared study (21) . According to Degrève et al. (19) , chloride surrounded by the first hydration shell is immersed in a medium exactly like the bulk water.
As detailed below, first-principles methods opened the way to calculate hydration number and cluster hydration energies. However, the energy of hydration is not only determined by the energy of the microscopic water-anion cluster but also by the electrostatic interaction between the hydrate complex and the solvent's dielectric surroundings. The effect of bulk water is calculated by placing the supermolecular hydrate in a cavity surrounded by the dielectric continuum. Hybrid supermolecule-continuum models proved to be useful to calculate total hydration energies (e.g., Tuñón et al. (22) ) and were applied to halide anions (23, 24) . Along these lines the solute is treated quantum mechanically, and the remaining bulk solvent is approximated by a dielectric continuum model.
In this study, we examined proposed protonophoric activity of thiocyanate by application nonrespiring rat liver mitochondria. These cell organelles respond with great sensitivity to net uptake of solutes. Mitochondria are surrounded by two membrane systems, an outer membrane free diffusible by solutes (up to a molecular mass of 5 kd) and a folded inner membrane creating an effective barrier for the permeation of solutes. As a consequence of the folded inner membrane, net solute uptake increases the mitochondrial matrix volume, which can be quantified easily by swelling measurements. Then, we analyzed the energetic changes connected with the protonophoric mechanism of thiocyanate by quantum chemical methods. Data calculated for the thiocyanate-mediated H 1 transfer were compared with those for the chloride-mediated H 1 transfer.
EXPERIMENTAL METHODS
Liver mitochondria were prepared from adult female Wistar rats (average weight 150-180 g) by differential centrifugation according to our standard protocol. The final pellet was resuspended in 0.25 M sucrose (25-35 mg of mitochondrial protein per mL). The protein content in the mitochondrial stock suspension was determined by the biuret method. Movement of SCN ÿ or Cl ÿ anions as well as their protonated forms across the inner mitochondrial membrane was examined by applying the swelling assay (25) . Briefly, mitochondria (1 mg of mitochondrial protein per mL) were suspended in medium composed of 120 mM K-thiocyanate or 120 mM K-chloride plus 10 mM Tris, 0.5 mM EDTA, and 1 mM of the respiratorychain inhibitor antimycin A and were supplemented either with valinomycin or nigericin. Suspensions of mitochondria scatter light due to the difference in the refractive index between matrix content and surrounding medium. For illustration, net uptake of KSCN plus water in mitochondria driven by osmotic support (SCN ÿ goes by itself and that of K 1 is valinomycin mediated) increases the matrix volume (swelling). Consequently, the difference in the refractive index between matrix and medium decreases, which is measured photometrically as decrease in the light scattering. Swelling was recorded at 540 nm using a Varian Cary 3E spectrophotometer equipped with a thermostated (25°C) and magnetically stirred sampling unit.
COMPUTATIONAL METHODS
The water-anion cluster hydration energy (also known as binding or interaction energy of hydration) is defined as the difference in energy between the microsolvated anion and the bare anion and free water. The cluster hydration energy is negative for exothermic reactions. For the first hydration shell, the gain in energy is mainly determined by the H-bonds between the anion and the surrounding nearest-neighbor water molecules, FIGURE 1 Putative mechanism of thiocyanate-mediated transmembranal H 1 transfer in parietal membranes. The thiocyanate anion (SCN ÿ Hydr ) reacts with H 1 to give isothiocyanic acid (HNCS) at the luminal side of the apical membrane. HSCN crosses the hydrophobic phase of the membrane rapidly in the dehydrated form (3) and dissociates at the cytosolic side into H 1 and SCN ÿ . Liberated SCN ÿ permeates back into the luminal side by the assistance of a Cl ÿ channel (5) . The driving force of the cycling process is the electrochemical gradient, with DpH as main component at the apical membrane of the parietal cell. This gradient is generated by the ATPdependent H 1 /K 1 antiporter (not shown). Extrusion of SCN ÿ is supported by its concentration gradient (cytosol / lumen) and the membrane potential (Dc; inside negative). In summary, DpH-supported cycling of thiocyanate (HSCN/SCN ÿ ) across the apical membrane of parietal cells reduces net secretion of hydrogen chloride into the glandular lumen. but H-bonds between water molecules contribute, to some extent, to the cluster hydration energy.
Cluster hydration energies of anions were mainly calculated by ab initio methods of quantum chemistry in the past. Thus, extensive studies on hydrated Cl ÿ were performed by MØller-Plesset second-order perturbation theory (17, 26) . In studying the effects of microsolvation, the density functional theory (DFT) is a useful alternative approach (23) . Hydrates in this study were exclusively calculated by Kohn-Sham DFT using the B3-LYP functional (27) . The calculations were performed with the Pople-type valence triple-z basis set with two sets of diffuse functions and two sets of polarization functions (6-31111G(d,p) basis set). To treat supermolecular H-bond structures, this extended basis set imparts the calculation for the necessary flexibility (27, 28) . To reduce the basis set superposition error (BSSE) (29, 30) , the energies were also calculated by the more extended Pople-type basis set 31111G(3df,3pd) using the B3-LYP/6-31111G(d,p) optimized geometries. Structures are only presented and discussed if all 3N ÿ 6 frequencies were positive, where N is the number of atoms. The gas phase normal mode vibrational frequencies were calculated within the harmonic approximation. These frequencies entered the calculations of gas phase enthalpies and entropies and, finally, of Gibbs free energies.
To estimate the bulk solvent effects in water, different methods found practical applications (see, e.g., Satchell and Smith (31) ). The polarizable continuum model (PCM) variation of the self-consistent reaction field method (32) was employed in this study. The PCM method is comparable in its performance to the Langevin dipole method (33) . The PCM method has been recently reviewed by Cammi et al. (34) and Tomasi (35) . To calculate approximate Gibbs free energies of hydration, the DFT optimized ion-water clusters were embedded in the dielectric continuum of water with the dielectric constant e ¼ 78. 39 . The PCM calculations were performed at the same DFT level used for the calculation of the supermolecular hydrate structures. All calculations were carried out by the Gaussian98 suite of programs (36) . The PCM method used was the option implemented by Barone et al. (37) in the Gaussian program.
RESULTS AND DISCUSSION

Swelling measurements
Rat liver mitochondria in K-thiocyanate medium swell only slowly due to a poor permeability of the inner membrane to K 1 (Fig. 2 A) . Addition of valinomycin (a K-ionophore) induces rapid swelling, resulting from the simultaneous uptake of K 1 and of SCN ÿ (indicated as decrease in light scattering, trace a). In contrast, when nigericin (a K/H- FIGURE 2 Effect of valinomycin or nigericin on the permeability of the inner mitochondrial membrane to thiocyanate and chloride anion. Mitochondria (1 mg of protein/mL) were suspended in K-thiocyanate or K-chloride medium (pH 8.0). Valinomycin (Val) and nigericin (Nig) were added to a concentration of 0.5 and 1 mM. FCCP (carbonyl cyanide p-trifluoromethoxyhydrazone) was 0.1 mM. Permeability of the inner mitochondrial membrane to ions is reflected by the decrease in light absorbance. The scheme to the right shows the ionophore-mediated transport of K 1 (Val, Nig) and of H 1 (FCCP, Nig) from the medium across the inner mitochondrial membrane (IM) into the matrix compartment. These ionophores permeate from left to right as K 1 -Val, K 1 -Nig ÿ , and FCCPH but return from right to left as Val, FCCP ÿ , and NigH. Consequently, permeation of K 1 and H 1 is due to catalytic operation of the ionophores. exchanger) was added, swelling was not stimulated (trace b). Under this condition the permeation of SCN ÿ cannot be paralleled by a net cation uptake in mitochondria. But, mitochondria started to swell in the presence of nigericin if the protonophore FCCP was added. FCCP enables SCN ÿ permeation to be joined by net proton uptake. No swelling was seen when mitochondria were in K-chloride medium either supplemented with valinomycin or nigericin plus FCCP (Fig. 2 B) .
In principle, SCN ÿ and Cl ÿ can rapidly enter mitochondria across the inner membrane anion channel (IMAC) (38) ; however, this channel should be closed under the applied incubation conditions. An activation of IMAC demands depletion of mitochondria from matrix-bound Mg 21 . In addition, it is known that fatty acids can operate as protonophores and that special proteins of the inner membrane, such as the ADP/ATP carrier, accelerate the permeation of fatty acid anions (for a review, see Wojtczak and Schönfeld (39) ). Both the smallness of SCN ÿ and charge delocalization make it unlike that membrane proteins contribute essentially to SNC ÿ permeation. In summary, different rates of swelling in valinomycin-containing media reflect the permeability of the hydrophobic core of the inner membrane to SCN ÿ and Cl ÿ .
Protonophoric activity of SCN ÿ was examined by recording swelling in media adjusted to pH values ranging from slightly alkaline to acidic. Fig. 3 shows that a change in the medium pH does not affect swelling. However, when the K-thiocyanate medium was acidic, an addition of nigericin initiates swelling in a pH-dependent manner ( Fig. 3 A) . This observation clearly indicates that SCN ÿ is able to mediate the H 1 transfer across the inner membrane, similar to FCCP ( Fig. 2 A, trace b) but with much lesser potency. In contrast, acidification of K-chloride medium does not stimulate swelling after addition of nigericin ( Fig. 3 B) .
On the first view, it looks strange that thiocyanate as a lowaffinity proton acceptor becomes protonated at slightly acidic pH to a sufficient extent to induce a measurable transmembranal H 1 transfer in mitochondria. Furthermore, fatty acids operate as protonophores in the physiological pH range, FIGURE 3 Induction of membrane permeability to potassium thiocyanate by nigericin and acidification of medium pH. Mitochondria (1 mg of protein/mL) were suspended in K-thiocyanate or K-chloride medium adjusted to pH values as indicated. Nigericin was added as in Fig. 2 . despite a relatively low pKa (4.9) of the carboxyl group (39) . However, it is also known that the incorporation of fatty acids into membranes shifts their pKa in the physiological range (40) . In analogy, there is reason to assume that the proton affinity of SCN ÿ anion increases at the medium/ interface due to a changed environment. In addition, mitochondria were exposed to a high concentration of SCN ÿ , so that even a very small percentage of thiocyanate protonation is sufficient for mediating a measurable H 1 transfer. Finally, a potential protonophoric action of thiocyanate does not question its use as probe of membrane potential estimation, since membrane potentials are measured usually around pH 7 and, in addition, with a low concentration of [ 14 C]thiocyanate (41) .
Test calculations on the sulfur-containing parent solute molecules
The chemical name thiocyanic acid is used in the literature although the existence of the acid has not been established so far. Thiocyanic acid was early reported as a white solid that was deposited at ÿ190°C (42), but the structure of this substance is unknown. The formation of thiocyanic acid was only verified under matrix isolation conditions in photochemical experiments (43) . On the other hand, studies by microwave spectroscopy (44) , photoelectron spectroscopy/ mass spectrometry (45) , and ultraviolet spectroscopy (46) in the vapor phase and by infrared spectroscopy (47, 48) both in the vapor phase and by matrix isolation are rather in line with the isothiocyanic acid structure HNCS. As far as theory is concerned, calculation of DG Isom with DFT using the basis sets 6-31111G(d,p) and 6-31111G(3df,3pd) predicts HNCS to be more stable than HSCN by 11.8 and 11.2 kcal/mol, respectively. In principle, this conclusion holds at a demanding ab initio quantum chemistry level. Even if the calculation by Gaussian-3 theory predicts lower energies of isomerization (DG Isom ¼ 8.6 kcal/mol), the isothiocyanic acid remains to be clearly favored over the thiocyanic acid in the gas phase. The situation in aqueous solution is less clear, for the site of protonation at the thiocyanate anion SCN ÿ is not experimentally known. According to DFT calculations mentioned below, the solvent water favors the isothiocyanic acid furthermore. For that reason, the term thiocyanic acid was avoided in this study.
It should only be mentioned that experimental geometries of the known sulfur-containing solute molecules are excellently reproduced theoretically. According to B3-LYP/6-31111G(d,p) calculations isothiocyanic acid, HNCS, is slightly bent. The angle of ;174.1°is in close agreement with the angle found experimentally in a combined microwave spectroscopy/near infrared spectroscopy gas phase study (174.4°) (49) . The average absolute deviation between the nonhydrogen atoms amounts to only 0.001 Å . The Gibbs free energy of protonation (DG Prot ) of SCN ÿ , calculated as free molecules at 298.15 K, amounts to ÿ323.8 kcal/mol with the 6-3111G(d,p) and to ÿ325.6 kcal/mol with the 6-31111G(3df,3pd) basis set, respectively. According to the literature the experimental DG Prot values of SCN ÿ are ÿ317.4 (50) and ÿ328.8 kcal/mol (51) . For comparison, the correspondingly calculated DG Prot values of Cl ÿ are ÿ333.5 and ÿ334.2 kcal/mol, respectively, to compare with ÿ328.2 (52) and ÿ327.9 kcal/mol (53) found experimentally. In absence of water the protonation energies of SCN ÿ and Cl ÿ , and correspondingly the deprotonation energies of HNCS and HCl, differ little. Thus the deprotonation in the gas phase differs greatly from that in aqueous solution. Whereas the structure of the acid is not experimentally supported in solutions, the anion SCN ÿ is well defined. The calculated charges at the nitrogen and sulfur atoms of the anion suggest a stronger proton affinity at nitrogen than at sulfur. The formula SCN ÿ was therefore preferred in this study. However, as well known, the anion's behavior is ambident (54) .
The microscopic hydration model
The hydrate gas phase cluster structures calculated by DFT without consideration of the effect of bulk water are depicted in Figs. 4 and 5 . The calculated hydration energies are listed in Table 1 . The monohydrate of SCN ÿ (1a) contains a single water molecule bound to a nitrogen atom (''N-hydrate''). The gain of energy relative to the free components amounts to ÿ14.6 kcal/mol. As indicated by one imaginary frequency, the S-monohydrate is only a transition structure. Attempts failed to find the minimum structure of this isomer. The optimization always ended in the more stable N-hydrate. Hydration at sulfur is observed with the N,S-dihydrate structure 1b. However, the N,N-dihydrate 1c is more stable than 1b by ;2 kcal/mol, and the cluster hydration energy was calculated to ÿ26.7 kcal/mol. The H-bond between the two water ligand molecules of 1c contributes to the cluster hydration energy by ;1 kcal/mol. The N,N,S-hydrate 1d contains two water molecules at nitrogen and one at sulfur. The structure appears structurally related to the dihydrates 1b and 1c. The experimental derived intermolecular distance between SCN ÿ and the ligands of 2.16 Å found in the study of Kameda et al. (15) may be compared with the calculated average N . . . . H distance of 2.08 Å . The calculated N . . . O distances are between 2.8 and 3.1 Å . The cluster hydration energy of 1d amounts to ÿ35.8 kcal/mol. The addition of a fourth water molecule resulting in 1e lowered the cluster hydration energy to ÿ47.7 kcal/mol ( Table 1 ). As depicted in Fig. 4 , one of the water molecules appears less strongly bound to SCN ÿ . Again, this molecule exhibits H-bonds to the adjacent water molecule. Nevertheless, O . . . . S distances of 3.55 and 3.82 Å and O . . . . N distances of 2.86 and 2.89 Å of 1e justify the four water molecules to attribute to the first hydration shell of SCN ÿ . Whereas the calculation predicts the hydration number 4 in the gas phase, the experimental value is lower with ;2 water molecules found under thermal conditions in the liquid (15) .
In contrast to SCN ÿ , the chloride anion is inclined to higher coordination of water and larger binding energies. The calculated structures are depicted in Fig. 5 , and the energies are assembled in Table 1 . The monohydrate 2a displays the intermolecular O . . . . Cl distance at 3.14 Å , and the distances mostly increase when going from lower to higher hydration numbers (up to 3.35 Å with N ¼ 5). In contrast to the dehydrate 2c the two water ligands of 2b take the opposite position. Similarly, there are two isomeric trihydrates, 2d and 2e. In the case of higher hydration numbers, the ligands are in close vicinity. The trihydrates 2d and 2e and the tetrahydrate 2f were already derived by MP2 calculations (26) . Using DFT we succeeded in getting the pentahydrate 2g of the same type of structure. This hydrate displays C s symmetry and is stabilized by ÿ65.1 kcal/mol. With five ligand molecules the first hydration shell of Cl ÿ is obviously complete. There are three different O . . . . Cl distances of 3.00 (1x), 3.34 (2x), and 3.47 Å (2x), respectively. As mention before, there is a competition between ion-water H-bonds and the H-bonds between water molecules. The water molecules display characteristic interligand H-bonds of 2.09 and 2.14 Å . Nearly 6 kcal/mol of the cluster hydration energy of 2g is due to H-bonds between water molecules. In the hydrates of the coordination number N ¼ 6 (2h), two water molecules are placed more outside by 1 Å than the remaining four water molecules. These two water molecules may be considered as part of a second hydration shell (26) . The cluster hydration energy of the hexahydrate increased to ÿ82.3 kcal/mol (Table 1) .
Thus the study of the hydration of the Cl ÿ has shown that the first hydration shell of SCN ÿ contains at best four water molecules and the shell of Cl ÿ five molecules at best. Attempts failed to seize more water molecules close to the solute molecules within the nearest shell. With regard to the statistical distribution of the different hydrates at room temperature, the effective hydration numbers are lower.
The cluster hydration energies listed in Table 1 show clearly that SCN ÿ is less stabilized by hydration than Cl ÿ . This is shown by DE Clust values at 0 K and the thermodynamic quantities DH Clust and DG Clust calculated at 298.15 K. Whereas the first column contains results from B3-LYP/ 6-3111G(d,p) calculations with optimum geometries, FIGURE 4 Hydrate structures of thiocyanate calculated by DFT. Thin lines indicate H-bonds between thiocyanate and water or between water molecules. energies in parentheses were obtained with a more extended basis set. The extended basis set reduces basis set and BSSEs. However, the change of the numerical data is low and former conclusions are not affected. The thermodynamic quantities reflect the same order and relationships between the energies values as calculated at 0 K ( Table 1) . The low Gibbs free energies DG Clust relative to the enthalpies DH Clust of hydration are due to the fact that hydration is disfavored by entropy. In terms of free energy, the stabilization of SCN ÿ by the solvent is again half as large as Cl ÿ .
The acids HNCS and HCl are less solvated than the related anions. The hydration free energies of the acids, not listed in FIGURE 5 Hydrate structures of chloride calculated by DFT. Thin lines indicate H-bonds between chloride and water or between water molecules. Table 1 , are ;7 kcal/mol in the case of the monohydrates and ;16 kcal/mol in the case of dihydrates. As to be expected, the most stable monohydrates are formed by H-bonds between the proton of the acids and the oxygen of water.
The excellent performance of DFT in calculating the microscopic solvation energies is shown by comparing the calculated cluster hydration enthalpies with experimental values in Table 1 . The experimental enthalpies were measured by gas phase clustering reactions of Cl ÿ and water by means of mass spectrometry at temperatures in which the sample vapor starts to condense (55), i.e., under nearly liquid phase conditions. The average absolute error between calculated and experimental values amounts to only 1 kcal/mol.
The statistically described hydration at ambient temperature
At ambient temperature, the anion-water complex is not rigid and the individual water ligands are being continuously replaced in the nanosecond timescale. For a definite hydration number, more than one minimum structure must exist. The various complexes of a definite hydration number, N, differ, consequently, in their energies. The participation of the various structures in the effective hydration process is determined by statistics. To cope with the situation, one of us (L.M. and co-workers) developed a suitable approach (56, 57) . It is essentially stochastic in nature. Water molecules are randomly placed around the solute molecule, and the solvent molecules are also allowed to randomly rotate around the three coordinate axes. Along these lines a large number of solute-water aggregates may be generated. The individual structures are then optimized in energy. Along this way global as well as numerous local minima are found on the potential hypersurface. Therefore the approach was called the multiple minima hypersurface (MMH) method. Calculations were performed for different hydration numbers of the anion varying from 1 to 6, including those exceeding the nearest hydration sphere. The large demand of computer time is avoided by performing MMH calculations with a semiempirical potential (PM3 method by Stewart (58)).
Results of the structural calculation are exemplified with hexa-hydrated thiocyanates in Fig. 6 . To show main features of calculated hydrate cluster structures, the four lowestenergy hydrates are taken from 100 previously optimized structures and geometrical parameters and the populations are given in Fig. 6 . The population depends on the energies of the hydrates and is essentially defined by the Boltzmann weighting factors. In the calculated hydrate structures, not all of the water molecules are placed closely to thiocyanate in the nearest hydration sphere. Whereas low coordinated hydrates of SCN ÿ exhibit O . . . . S and O . . . . N interatomic distances between 3.4 and 3.8 Å and 2.8 and 3.1 Å , respectively, some distances of the hexa-coordinated SCN ÿ of Fig. 6 are considerably larger with 4.3 to 5.3 Å for O . . . . S and 4.4 to 6.6 Å for N . . . . O. In the case of the structure depicted in B of Fig. 6 , for example, the hydrate displays the expected relatively short interatomic distances between S1 and both O5 and O6 and between N1 and O4, whereas the remaining distances between the terminal hetero atoms of SCN ÿ and O are outside the range of the first shell. Two water molecules are obviously weakly bound through ''hydration bonds''. These water molecules are obviously part of a second or a higher solvation shell.
Within the MMH approach, the stabilization energy of the solute in the water cluster is defined as association energy (56) . The reference state is the noninteracting system of the solute and solvent molecules. Because of the statistical definition of the energy over a series of structures rather than only a single structure and the different theoretical model used, MMH association energies are not comparable with the DFT cluster hydration energies as described above.
Gibbs free energies of association (DG Assoc ) were calculated for Cl ÿ and SCN ÿ with the hydration numbers N ¼ 1 to N ¼ 6. Remarkably, these association energies led to the same prediction about the relative strength of the hydration of the anion as found by cluster hydration energies 0 K. The energies of SCN ÿ are for all hydration numbers significantly weaker than for Cl ÿ . To give an example, DG Assoc of the hydrates of SCN ÿ with the hydration number N ¼ 5 was calculated to ÿ34.5 kcal/mol. In contrast, the energy is about twice as large for the hydrates of Cl ÿ , calculated to ÿ63.0 kcal/mol with the same hydration number. The entropic term DS Assoc does not affect this conclusion. 
N denotes the hydration number. *The two water molecules may be situated adjacent (adj) or opposite (opp). y The DTT cluster hydration energies were calculated using B3-LYP/6-31111G(d,p) and 6-31111G(3df,2p) based on B3-LYP/6-31111G(d,p) geometries (in parentheses). z Thermodynamic energies were calculated with routines of Gaussian98 for standard ambient temperature and pressure conditions. § Experimental enthalpies were derived from consecutive dissociation energies measured by high pressure mass spectrometry (55) . Energy data are given as kcal/mol.
Hydration with consideration of the dielectric continuum
The solute molecules are inscribed in a cavity surrounded by the water continuum and were calculated by PCM-DFT. The gain in free energy of the solute in the dielectric continuum is denoted with DG Cont . The calculated energies are collected in Table 2 . The solvation energies are small for the acids HCl and HSCN and large for the bare ions Cl ÿ and SCN ÿ . If microhydration is disregarded, the free energy of solvation of Cl ÿ is calculated to DG Cont ¼ ÿ76 kcal/mol. As already found by Tomasi et al. (32) , the PCM solvation energy of the chloride is close to the experimental total hydration energy. Calculated under the same conditions, SCN ÿ is however stabilized by only ÿ57.7 kcal/mol in water and thus much less than Cl ÿ . The PCM solvation energies of the hydrated Cl ÿ and SCN ÿ are lower than those of the bare ions. The solvation energies considerably decrease with the hydration number ( Table 2) . Based on the hybrid supermolecule-continuum model, approximate hydration energies DG Hydr of SCN ÿ and Cl ÿ were estimated by adding the calculated free energies of the water-anion cluster DG Clust calculated in the gas phase and the free energies DG Cont of the pure dielectric continuum approach calculated in solution. As found for DG Cont , the energy DG Hydr decreases with the hydration number. With the experimental hydration number N ¼ 2 of SCN ÿ (15) the total hydration energy amounts to 57.2 kcal/mol, whereas the energy of Cl ÿ is 72.1 kcal/mol (exp. hydration energies values are between 71 and 83 kcal/mol, see Topol et al. (23) ). Fig. 7 shows the total hydration energies as resulting from the cluster hydration energies with ÿ12.3 kcal/mol for FIGURE 6 Four lowest energy structures obtained after optimization starting from a series of 100 SCN ÿ hexahydrate random molecular arrangements. (A) The structure of A contributes to 2.5% of the total population. Two water molecules constitute the inner shell of hydration at S and only one at N. The remaining water molecules result in ''hydrating water''. (B) The structure of B contributes to 2.0% of the total population. Two water molecules constitute the inner shell of hydration at S and only one at N. The remaining water molecules result in ''hydrating water''. (C) The structure C contributes to 1.9% of the total population. Three water molecules constitute the inner shell of hydration at S and only one at N. The remaining water molecules result in ''hydrating water''. (D) The structure of D contributes to 1.9% of the total population. Three water molecules constitute the inner shell of hydration at S and only one at N. The remaining water molecules result in ''hydrating water''. chloride dihydrate and ÿ6.9 kcal/mol for thiocyanate dihydrate and the energies of these dihydrates in the dielectric continuum (ÿ59.8 and ÿ46.8 kcal/mol, respectively).
At any rate, for comparable hydration numbers the difference in the hydration free energies DG Hydr between Cl ÿ and SCN ÿ consistently confirms a lower net stabilization of SCN ÿ than of Cl ÿ in water. The particular position of SCN ÿ in solvation revealed with the study of the microsolvation is retained in bulk water.
CONCLUSIONS
Mitochondria swell in K-thiocyanate medium in the presence of nigericin when the medium pH becomes acidic, unlike K-chloride medium. This finding clearly indicates that a H 1 flux takes place from the medium across the mitochondrial inner membrane to the matrix of mitochondria. A protonophoric mechanism depends on the permeation of thiocyanate and of its protonated form, isothiocyanic acid. From previous studies (3, 8) , it is known that hydrogen chloride and isothiocyanic acid permeate planar bilayer membranes rapidly, indicated from similar permeabilities of 2.9 cm/s and 2.6 cm/s, respectively. This fact clearly suggests that anion permeation is the rate limiting step within the protonophoric mechanism. Accepting a ''solubility-diffusion'' mechanism, one has to take into consideration two types of free energy changes of the thiocyanate-mediated proton transfer. These free energy changes are ascribed to i), the dehydration of thiocyanate near the medium-membrane interface (DG Hydr ), and ii), the formation of HNCS by protonation of nonhydrated thiocyanate (DG Prot ). Measured as well as the calculated gas phase deprotonation enthalpies of HNCS and HCl does not indicate that an essential difference in DG Prot for HNCS and HCl is a contributing factor of the protonophoric activity.
In the discussion of hydration/dehydration processes, we have used quantum chemical methods. First we have investigated the structure of the nearest hydration shell and the number of solvent molecules that are placed in the shell. Second, we have modeled the rest of the solvent with a dielectric continuum model by using both the anion and the hydrated anions as solutes. Hydration energies were estimated by the combination of the results of the microscopic cluster calculation and the calculation of the bulk water effect within a supermolecule-continuum model at the DFT level. The conclusion based on the relative total hydration free energies is unequivocal: The energy of SCN ÿ is significantly less than the energy of Cl ÿ . The distinctly different anion stabilization is already evident in the cluster hydration energies of the anions derived for the global minima on the hypersurface at 0 K and, in more flexible arrangements, statistically on the multiple minimum hypersurface at ambient FIGURE 7 Visualization of the lower solvent stabilization of thiocyanate relative to chloride by Gibbs free hydration energies calculated by different theoretical models. Microscopic cluster hydration energies and solvent energies of the hydrates in the dielectric continuum result in total hydration energies. temperatures. According to the DFT cluster hydration and MMH association energies, the energetic stabilization of SCN ÿ hydrates is about half as large as the stabilization of Cl ÿ hydrates. Consequently, thiocyanate is much less prone to hydration than chloride, and consequently much more easily prone to dehydration. In view of the need to strip off the hydration shell before transmembrane permeation, the particular position of thiocyanate may be understood. In summary, the protonophoric activity of thiocyanate is governed by free energy changes of thiocyanate dehydration (DG Hydr ) and of protonation of thiocyanate (DG Prot ). A stronger hydration prevents chloride from operating as a protonophore. Finally, the results obtained in this study support the concept that the inhibition of gastric acid secretion by thiocyanate is due to its protonophoric activity.
Promising approaches for future studies in describing the transfer of ions along the biological channel offer the recently advanced empirical MD (59) and the QM/MM Car-Parinello MD methods (60) .
